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The polarographic reduction of benzil has been studied by numerous investi-
gators. The polarographic reduction of benzil derivatives has received little
attention. Seven methoxy- and hydroxy-substituted benzil derivatives and benzil
itself have been reduced in this investigation. Polarography and controlled
potential electrolyses experiments were conducted in buffered 50% ethanol-water
(by volume) solvent systems. The compounds were reduced in seven different
buffered solutions over the "pH"* range 1.5 to 13.5.
At least one polarographic wave was produced by each of the compounds at
all "pH's". There was also a second more negative wave at "pH's" 9 and higher.
The first waves for all compounds were two-electron reductions at all the "pH's'".
The waves were not completely diffusion-controlled. The reductions were depen-
dent upon the hydrogen-ion concentration. The dependence was different in the
acidic than in the basic solutions. The reductions became more reversible as
the "pH" increased, and benzil, m-anisil, and p-anisil were reduced reversibly
in the very basic solutions. Kinetic analyses of the data indicated more than
one irreversible process except for benzil, m-anisil, and p-anisil at "pH" 13.5.
Controlled potential electrolyses of benzil, p-anisil, and vanillil showed
benzoin, p-anisoin, and vanilloin to be the reduction products of the first
waves at all "pH's".` However, polarographic reductions of benzoin, p-anisoin,
and vanilloin indicated that the enediol form of the benzoin was the dropping
mercury electrode reduction product. The enediol rearranges to the benzoin in
a secondary reaction. This rearrangement is faster in basic than acidic media.
Electron-releasing substituents made the reductions more difficult (more
negative half-wave potentials). Solvent-solute interactions such as hydrogen
*The pH values were measured in 50% ethanol-water and, therefore, are apparent
pH values or "pH.".
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bonding and ionization, and also intramolecular hydrogen bonding in di- or tri-
substituted compounds, complicated the reductions of the hydroxy-substituted
compounds. These compounds were more irreversible than the nonhydroxy-substituted
compounds. There is evidence that the ionized forms of the hydroxy-substituted
compounds are reduced in the intermediate and very basic solutions.
A correlation between half-wave potentials and Hammett's sigma values was
successful at "pH" 1.5 for all compounds except 3,3',4,4'-tetrahydroxybenzil.
At higher "pH's" the correlation failed. However, a correlation was obtained with
benzil, m-anisil, and p-anisil at all "pH's''. This correlation was used to pre-
dict half-wave potentials of certain unsymmetrical benzils at "pH's" 1.5 and 13.5.
The reduction mechanism for benzil, m-anisil, and p-anisil is similar to that
proposed by other investigators. A "pre-protonation" step in acidic media is
proposed to explain the Hammett correlation at "pH" 1.5. At this "pH" the "pre-
protonation" step is rate determining and offsets the solvent-solute interactions
of the hydroxy-substituted compounds. At higher "pH's" these interactions become
more important than "pre-protonation." As the "pH" is increased, the mechanism
for hydroxy-substituted compounds is complicated by intermediate, irreversible
steps caused by solvent and electric field interactions. However, the over-all
reaction is the same for all compounds, since the same reduction products
(benzoin and benzoin derivatives) were identified.
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INTRODUCTION
Oxidation and reduction are two of the most important reactions used to study
the structure and characteristics of organic compounds. Benzil and lignin "model"
compounds such as vanillil, syringil, and 3,3',4,4'-tetrahydroxybenzil have been
reduced by various chemical reducing agents (1-4).
The results from the chemical reduction of these compounds indicate that the
substituents on the benzene rings influence the reduction of the 1,2-diketo
group. For example, three different reducing agents were employed to prepare
the benzoin-type reduction products of benzil, vanillil, and syringil. This
indicates that the substituents are affecting the electron density around the
diketo reduction site. However, chemical reduction affords only qualitative
evidence of the effect of substituents on the reduction site.
Electrochemical methods have advantages over more conventional chemical
techniques in studying the reaction mechanisms of organic compounds. Polar-
ography and voltammetry give some evidence for the reactive intermediate in an
electrochemical reaction. The effects of solvent, pH, temperature, and concen-
tration of reducible species can be studied apart from the complicating effects
of specific chemical reducing agents. The potential at which an electrochemical
reaction occurs is a direct measure of molecular reactivity. Therefore, polar-
ographic data can be used for quantitative correlations between reactivity and
structure.
The Hammett equation (4a) is a quantitative relationship between structure
and reactivity. Investigators have found correlations between the half-wave
potentials of organic compounds and the Hammett substituent constants. A few
of these investigations were with acetophenone, benzaldehyde, and their
derivatives (5, 6), substituted benzophenones (7, 8), and other less related
series of substituted compounds (9, 10). Elving and Markowitz (11) have corre-
lated half-wave potentials of substituted ethylenes with Taft's quantitative
relationship for aliphatic compounds. These are but a few of the polarographic
investigations correlating reactivity and structure.
The present study was undertaken to elucidate the electrochemical reduction
mechanisms of benzil derivatives using the techniques of polarography and control-
led potential electrolysis. Another objective of this study was to determine a
quantitative relationship between reactivity and structure. The electrochemical
experiments have been conducted in a 50% ethanol-water solvent over the "pH"*
range of 1.5 to 13.5. Potentiometric titrations and ultraviolet spectra were
obtained to help understand the ionization of hydroxy-substituted benzil deriva-
tives and how the ionization affects the polarographic reductions. Benzoin and
two benzoin derivatives were studied to help determine the reduction products.
Benzil was studied in this investigation as a basis of comparison for a quanti-
tative relationship. The benzil data also were useful for comparison with other
investigations.
*The pH values were measured in 50% ethanol-water and, therefore, are apparent




Polarographic reduction of benzil, Ar CO CO-Ar, and of benzoin, Ar-CO.CH(OH)-Ar,
has been described by many investigators (12-20, 23, 24). Adkins and Cox (12)
observed two reduction waves for both benzil and benzoin. In alkaline solution
the reduction potentials of both compounds coincided. Chodkowska and Grabowski
(13) showed that the first wave is always due to reduction of benzil, which is
easily formed in alkaline media by air oxidation of the enediol form of benzoin.
The second wave is due to the reduction of benzoin. Gaglidardo (14) found the
reduction wave of benzil to be concentration dependent in acid and neutral media.
Bobrova and Tikhomirova (15) reported two waves for benzil as did Vityaeva and
Markman (16). The solvent systems for the above investigations were different
ratios of ethanol to water. The supporting electrolytes were lithium chloride,
ammonium chloride, or one of the tetraalkylammonium salts. The above investiga-
tions were not in buffered solutions. Rogers and Kipnes (17) confirmed the
suitability of anhydrous methanol as a solvent for the polarographic reduction
of benzil.
A thorough study was done by Pasternak (18) who observed only one irrevers-
ible two-electron wave of benzil and of benzoin in a pH range of 1.2 to 11.3.
Benzoin was isolated as the reduction product of controlled potential electrolyses
at pH 1.3 and 8.6. However, he found stilbenediol to be the electrode product
which slowly transformed to benzoin. Pasternak also showed that benzil forms
complexes with borate buffer systems, one mole of benzil complexing with two
moles of borate (19).
Kalvoda and Budnikov (20), using a.c. oscillographic polarography and a
dropping mercury electrode, found the reduction of benzil proceeded to a radical
which was reoxidized in the next a.c. half-period.
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The polarographic reduction mechanisms of single carbonyl reduction sites,
as found in acetophenone and benzophenone, have been investigated. Elving and
Leone (21) have studied the reduction mechanisms of five alkyl phenyl ketones
and benzophenone. They observed one diffusion-controlled pH-dependent and a
more negative pH-independent wave in acidic media. These two waves merge into
one around pH 6. At pH 9 and above a third more negative wave appeared. These
waves were observed for all the above compounds. Suzuki and Elving (22) studied
the kinetics and mechanisms for the electrochemical reduction of benzophenone in
acidic media. The electron-transfer process of the first wave is quite rapid,
but the subsequent irreversible chemical process of dimerization of the free
radicals produced causes the net reaction to be irreversible. The process
producing the second one-electron wave is quasi-reversible.
Recently attention has been given to the reduction of 1,2-diketones in
order to understand the difference in the reduction of this functional group
compared to single carbonyl reduction sites.
Philp, Flurry, and Day (23) studied the reduction of several diketones in-
cluding benzil over the pH range 3 to 12 in ethanol-water media. They employed
a switching technique to detect oxidizable intermediates. They observed an
oxidizable intermediate over the pH range studied. The waves were irreversible
in acidic media. In the pH range 9 to 10 there was a trend toward reversibility
and at pH 12 a reversible wave was observed. They found no evidence for a
change in mechanism over the pH range and reported a two-electron process as
the potential-determining step in both acidic and basic media. Their experimental
evidence did not clearly indicate the nature of the observed wave in the acidic
media. From the fact that benzoin was the isolated product and the wave heights
were identical in acidic media, they concluded that an enediol was formed and
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was the species which produced the anodic current. They assumed the following
stepwise process
free radical (1)
in which the second step is irreversible. In very basic media the following
reversible two-electron process was proposed.
They also proposed a mechanism for the effect of acidity on the keto-enol equil-
ibrium of the reduction product.
The reduction of benzil was studied in dimethylformamide (24). When tetra-
butylammonium iodide was the supporting electrolyte, two one-electron waves were
observed, and macroelectrolysis experiments definitely indicated the formation
of a free radical. Electron paramagnetic resonance (EPR) showed the first wave
to be reversible and the second irreversible. When lithium chloride was the
supporting electrolyte, the authors could not distinguish between one 2-electron
reversible wave or two 1-electron waves. They decided on the latter, assuming
the lithium ion delocalized (by chelation) the charge of the first electron over
the diketo reduction site and that the second electron transfer was too fast to
be detected by EPR.
Chodkowska and Grabowski (13) studied the cathodic reduction of benzil at
a dropping mercury electrode and with a stationary hanging mercury drop electrode
using, in the latter case, a cyclic voltammetry technique. Their solvent system
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was 48% ethanol by volume and they studied the pH range 3.6 to 14. Benzil formed
a reduction product irreversibly in acid solutions but of growing reversibility
with increasing pH. A second wave, absent in acid solutions, was present in
alkaline'solutions and was due to the reduction of benzoin which was formed in-
directly as a final product of the first benzil reduction wave.
In strongly alkaline solutions, the reduction product of the reversible two-
electron process of benzil was reoxidized reversibly at the stationary mercury
electrode. They proposed the following scheme.
In acid and neutral solutions two products of the irreversible reduction of
benzil were observed through their anodic oxidation currents at a stationary
hanging mercury drop electrode. The two products were cis- and trans- stilbene-
diols. The cis- form is reoxidized at a higher overpotential* and transforms
more slowly to benzoin than the trans- form. Therefore, the trans- stilbenediol
is the favored reduction product. The trans to cis isomerization is very slow
and does not compete with the trans-stilbenediol to benzoin tautomerization in
homogeneous solution. They showed that the trans to cis isomerization is in-,
creased by a strong electric field such as that at the electrode. . Partially
polarized molecules can isomerize in a strong electric field with a lower activa-
tion energy than in the absence of the field. The cis/trans ratio increased with
increasing negative voltage and a maximum was observed at -0.95 v. vs. a saturated
calomel electrode. The decrease of the cis/trans ratio after -0.95 v. was attrib-
uted to desorption of the trans-stilbenediol reduction product. This product is
*Overpotential is defined on page 43.
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squeezed out of the double layer by water molecules and the ions of the electro-
lyte, and the time of stay of the product is too short for the hindered rotation
(trans- to cis-) to occur. The cis/trans ratio also increased with increasing
temperature (1.3 to 23.5°C.), increasing pH (6.5 to 8.1, base catalysis), and
was influenced by the cation of the supporting electrolyte. They proposed the
following scheme for the reaction in acid and neutral media.
Ar OH
-10-
POLAROGRAPHY: THEORY AND ANALYSIS OF DATA
Basic definitions and the equations for polarographically reversible and
irreversible waves are included in this section, as well as an explanation of
the method of data analysis used in this investigation. The principles of
polarography and controlled potential reduction have been described in detail
by Kolthoff and Lingane (25), Delahay (26), and Meites (27).
The reduction potentials are negative corresponding to the European conven-
tion for reporting oxidation-reduction potentials. Cathodic currents are positive
in accord with normal polarographic procedure. All potentials are measured vs.
the saturated calomel electrode (s.c.e.) unless otherwise specified.
The plot of current (i) versus potential (E) is a polarogram. For any
specified set of conditions (e.g., solvent, pH, temperature, ionic strength,
and supporting electrolyte) there is a certain potential required for the reduc-
tion of the compound being studied. If the potential is below the decomposition
potential* of the supporting electrolyte-solvent system, a sigmoid shaped curve
is obtained which is called a polarographic wave. A wave is obtained for each
reduction step of an electroactive species or for each electroactive species
present if the reductions occur at potentials differing by approximately 0.15
volt or more. See Fig. 1.
As the applied potential is increased, the concentration of the electro-
active species at the electrode surface decreases until it becomes nearly zero.
Further increases in potential will result in no increase in current. The
*Potter (28) defines the decomposition potential as that potential at which an
appreciable decomposition rate of the reactants takes place as indicated by
the increased current flow. This potential has no well-defined theoretical




Figure 1. Polarogram of
0.06M KOH,
1.2 1.4 1.6
Benzil at 25.0°C. in 1:1 Ethanol:Water
and 0.14M KC1, "pH" 13.5
current level at this point is the limiting or diffusion current (iD) and can
be predicted by the Ilkovic Equation (6).
The residual current is the current obtained for the solvent-electrolyte
system in the absence of the electroactive species being studied.
The potential corresponding to the current level midway between the diffusion
current height and the residual current is called the half-wave potential (E1/).
The terminology and following equations are according to Delahay (26). A
general equation for the electroreduction of an organic compound with hydrogen








where 0 represents the species to be reduced and R represents the reduced species,
n and m are the number of electrons and protons involved in the reaction, and
kf h and kb,h represent the heterogeneous rate constants for the reduction and
oxidation, respectively. These are formal rate constants whereby concentrations
instead of activities are used in the kinetic equations.
The current measured during the reduction of an electroactive species depends
upon the kinetics of the electrochemical reaction and on the rate of mass trans-
fer of the species involved in the electrode process. If the electrochemical
reaction is so rapid that electrochemical equilibrium is achieved at the elec-
trode at all times, the process is said to be polarographically "reversible" and
the Nernst equation can be applied in the calculation of the electrode potential.
This does not imply reversibility in the thermodynamic sense. Thus, when the
heterogeneous rate constants are sufficiently large, the Ilkovic Equation (6)
and the Heyrovsky-Ilkovic, Nernst-type Equation (7) apply. Equation (8) shows
the factors which influence the half-wave potential. As shown, the E/2 is de-
pendent upon the pH for a reversible electrode process.
where
iD = diffusion current, microamps (a. )
n = number of electrons involved in the electrode process
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D = diffusivity of the reducible species, sq. cm./sec.
D = diffusivity of the reduced species
-R
C0 = concentration of the reducible species, in the bulk of the solution,
m. mole/cc.
m = mass flow rate of mercury, mg./sec.
t = length of time that elapses between the instants at which two
successive drops fall, sec.
a = transfer coefficient, or the fraction of the applied potential which
favors the forward reaction
E = potential at any point on a polarographic wave referred to any arbitrary
standard such as the s.c.e., volt
E1/2 = half-wave potential, volt
R = gas constant, 8.315 joules (°K)- (g.-mole)-
T = absolute temperature, °K
F = Faraday constant, the number of international coulombs which must be
passed through a cell to deposit one g. equivalent of any element,
96,500
i = current at any point on a polarographic wave, pa.
E = standard potential for the electrode reaction, volt
z = number of protons involved in the electrode process
a-+ = activity of the hydrogen ion
f = activity coefficient of the reducible species
fR = activity coefficient of the reduced species
-R
The numerical factor 706, which includes the density of mercury, the Faraday,
and a geometric factor, is used when the maximum current during drop life or the
top oscillatory trace of a recorded polarogram is measured.
When the rate of the reverse reaction is sufficiently slow so that it can be
neglected, the electrode reaction is said to be "totally irreversible." Equation
(6) for the limiting current is still applicable, but Equations (7) and (8) are




= transfer coefficient, or the fraction of the applied potential
.which favors the forward (reduction) process
n = number of electrons involved in the rate-determining or activation
-- step
k h = rate constant for the reduction when E vs. a normal hydrogen
- -'- electrode equals zero
It is interesting to note in Equation (10) that the half-wave potential for
a totally irreversible wave is not directly dependent upon the pH although hydro-
gen ions are involved in the electrode process.
According to Delahay (29) the transition from reversible to totally irrevers-
ible waves occurs over a relatively narrow range.. of values of the rate constant.
This is fortunate because in the intermediate range or "quasi reversible" range
the theory is considerably more complex and not very well understood.
ANALYSIS OF DATA
Reversible polarographic waves or some irreversible polarographic waves
have diffusion plateaus which have identical slopes as in the residual current
curve, Fig. 1. In either of these circumstances the iD is chosen as the height
of the diffusion plateau and the E1/2 is the potential at which the current level
is i;2.
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For many organic compounds irreversible waves are produced which have
diffusion plateau slopes different from the slopes of the residual current
curves, Fig. 2. In this case the selection of a diffusion current is an
arbitrary matter.
-E
Figure 2. Irreversible Polarographic Wave
Some of the polarographic waves recorded during this investigation were
reversible. Figure 1 shows the reversible wave for benzil at "pH" 13.5. Most
of the polarographic waves were irreversible, and the more irreversible waves
were shaped like the wave in Fig. 2.
Vermillion (30) developed a computer program (IBM 1620) for treatment of
such voltammetric waves. This program was modified for the polarographic waves.
A plot of the function In (i/iD-i) vs. E from Equation (7) should yield a
straight line. From the slope of this line the value of on can be obtained.
The E/2 can be determined from the intercept. By the use of a trial and error
calculation iD may be chosen as the current which gives the best least squares
fit to a. straight line in a plot of in (i/iD-i) vs. E.
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Suzuki and Elving (22) have reported that the recorder for the Sargent Model
XXI polarograph which has a full-scale balancing speed of 10 seconds was fast
enough to make kinetic calculations from the recorded polarograms. Kinetic cal-
culations are normally made from instantaneous currents recorded on very fast
recorders (i sec. balancing speed) or by oscillographic polarography. To verify
the use of the Model XXI polarograph the above authors compared maximum recorder
current values with those obtained from a cathode ray oscilloscope and found that
the current values agreed within measuring error. The Sargent Model XV polaro-
graph used in this investigation has a full-scale balancing speed of 10 seconds.
The polarograms recorded during this investigation were used to calculate
rate constants by the Koutecky procedure as explained by Delahay (31). It has
been shown that the ratio of the current at any potential to the diffusion current
follows Equation (11).
where
Koutecky has solved Equation (11) so that a value of X is available for a
value of /iD. The rate constant kh can then be calculated from Equation (12).
The value D / was determined from the Ilkovic Equation (6), and t1/2 is an
experimentally measured value.
*The (erfc) equals [1-erf (x)] where the notation erf(X) represents the error
' 1/2 2
integral defined by erf(X) = 2/t /J exp (-z ) dz. Detailed tables of the
o
function erf(x) are available (32).
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The rate constant kf h is related to the potential by Equation (13).
A plot of log kfh vs. E should be a straight line if there is one and only one
rate-determining process in the electrochemical reduction. The value of on can
-a
be calculated from the slope, and the value of k is determined from the inter-
cept of the above plot when E equals zero vs. a normal hydrogen electrode. The
values of on and k were then used to calculate the E/ from Equation (10).
A computer program was developed to make the interpolations and needed
calculations for the above kinetic study. The E/2 calculated from Equation
(10) agreed within 5 millivolts with the E/2 determined from the intercept of
the log (ijiD-i) vs. E plot. This is better than experimental error.
Although good correlation coefficients were obtained for the log kf h vs.
E* plots, the data did not produce straight lines when plotted. This fact will
be discussed later.




Absolute ethanol was distilled in a column 22 mm. in diameter and 2.5.ft.
long. The column was packed with glass tubing 6 mm. in diameter and 50 mm. in
length. Water was purified by distilling from sodium hydroxide and potassium
permanganate according to Weissberger (33). The water was polarographically
pure after one distillation. The solvent system for the investigation was 50%
ethanol-water (by volume).
Benzil (I) and the following benzil derivatives were reduced polarographic-
ally: m,m'-dimethoxybenzil.or m-anisil (II); p,p'-dimethoxybenzil or p-anisil
(III); m,m'-dihydroxybenzil (IV); p,p'-dihydroxybenzil (V); 3,3'-dimethoxy-4,4'-
dihydroxybenzil or vanillil (VI); 3,3'5,5'-tetramethoxy-4,4'-dihydroxybenzil or
syringil (VII); and 3,3',4,4'-tetrahydroxybenzil (VIII).
I. Benzil; R = R =R H
II. m-Anisil; R = R =H; 3 = CHO
III. p-Anisil; R = R H; R4 = CO
IV. m,m'-Dihydroxybenzil; R4 = R5 = H; R3 = OH
V. p,p'-Dihydroxybenzil; R3 = R5 = H; R4 = OH
VI. Vanillil; R5 = H; R4 = H; R = CHO
VII. Syringil; R3 = R5 = CHO30; R4 = OH
VIII. 3,3',4,4'-Tetrahydroxybenzil; R5 = H; R 3= R4 = OH
IX. Veratril; R = H; 3 = R4 = C3O5 B= 4 C 5
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3,3',4,4'-Tetramethoxybenzil or veratril (IX) and p,p'-dichlorobenzil were
not soluble at the appropriate concentration (0.5 x 10 3M) in the 50% ethanol-water
solvent system and, therefore, were not studied.
Benzoin (X) and the following benzoin derivatives also were studied: p-
anisoin, syringoin, and vanilloin.
H
C C
The following benzaldehyde derivatives were studied for comparison with the
benzil derivatives: m-hydroxybenzaldehyde, p-hydroxybenzaldehyde, syringaldehyde,
3,4-dihydroxybenzaldehyde, and vanillin.
Most of these compounds were obtained from the library of chemical compounds
of the Lignin Group at The Institute of Paper Chemistry. Others were synthesized
and some were purchased. The compounds used, their origin and their purification,
are included in Table I.
All compounds used for preparing buffer solutions and as supporting electro-
lytes were Analytical Reagent grade. Buffer solutions were prepared in a 50%
ethanol-water solvent system. The "pH" of each solution was measured with a
Beckman Model M glass electrode pH meter using a Beckman E-2 glass electrode.
This "pH" is termed an apparent pH since the solvent system is not 100% water.
Throughout this thesis the apparent pH will be designated as "pH". The same
buffer solutions were prepared in 100% water and the pH measured. The buffer































































aAll melting points are uncorrected. A Thomas-Hoover Capillary
Apparatus was used.
Melting Point
Purchased from Distillation Products Industries, Eastman Kodak Co., and
K and K Laboratories.
CPrepared during this work using the method indicated.
Obtained from the library of chemical compounds of the Lignin Group at The

































































the polarographic cell containing the buffer solutions are shown in Table II. The
least concentrated component of the buffer system was at least 120 times the con-
centration of the reducible species. This concentration is in agreement with
Elving's (44) suggestion of 100 to 500 times the concentration of reducible
species for organic polarography. Meites (45) suggests a minimum buffer concen-
tration of 20 times the concentration of reducible species. Potassium chloride
was used to adjust the ionic strength to 0.2 for all buffers except the potassium
carbonate-hydrochloric acid buffer, which had an ionic strength of 0.42.
The purity of the buffer solutions was determined by recording residual
current curves (no reducible-organic species present). In all cases a smooth
curve was obtained at the desired current sensitivity.
The choice of buffers was very limited in the alkaline region. The borate
system could not be used because it forms a complex with benzil (19). Phosphate
buffer, at the desired concentration, formed an immiscible layer in the 50%
ethanol-aqueous solvent system. These buffers could only be used if the concen-
tration of buffer was decreased, or if the solvent system was changed. Neither
of these alternatives was desirable. The carbonate system used at "pH" 11.30
proved to be a poor buffer. The equilibration rate was apparently too slow
compared to the electrochemical reduction. Also, only monovalent buffer compon-
ents could be used if an ionic strength of 0.2, as suggested by Meites (46),
was to be maintained. These facts made it very hard to study the "pH" region
between 9 and 13.
APPARATUS
A Sargent Model XV recording polarograph and a Sargent Model A IR compen-
sator were used in this investigation. The polarograph was standardized with a
























































Two saturated calomel electrodes were used with the polarographic cell.
two cell resistances are for each of the cells composed of one of these
electrodes and a platinum electrode.
The
bCarbonate buffers (44) have been found to attain equilibrium too slowly compared
with the electrode reaction.
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The polarographic cell assembly described by O'Connor (47) was used in this
study with two modifications. A second saturated calomel electrode was added so
that the polarograms could be corrected automatically for the internal cell resis-
tance or IR drop across the cell. A dropping mercury electrode instead of a
platinum wire electrode was used.
The 40-ml. capacity cathode compartment and the two saturated calomel refer-
ence electrode compartments were water-jacketed and maintained at 25.0 + 0.05°C.
with water from a constant temperature bath. Glass cylinders with grade medium
frits isolated the agar bridges of the saturated calomel electrodes from the
test solution. This prevented contamination of the test solution by excessive
water and chloride ion.
Prepurified nitrogen (Matheson) was used for deaeration of the test solu-
tions. It was passed through two presaturation tubes containing 50% ethanol-
water solvent which were kept in the constant temperature bath. The nitrogen
could be directed by means of a two-way stopcock either into a dispersion tube
immersed in the test solution or over the surface of the test solution while
recording polarograms.
The saturated calomel half cells used in this investigation were prepared
as suggested by Meites (48). The tip of the agar bridge was kept immersed in
a saturated potassium chloride solution when not. in use. This kept the agar
bridge in good condition and the cell resistance did not increase by more than
150 ohms throughout this. study.
A Sargent (S-29417) 21-cm. capillary was used as the dropping mercury elec-
trode (DME). The drop time (t) and mercury flow rate (m) were 6 sec. and 1.636
mg./sec., respectively, with an open circuit and a mercury height of 62.5 cm.
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The effect of potential on the drop time and product m 2/ 3 t/ 6 is shown in Fig.
3. The variation of (m) with potential was only 0.008 mg./sec. from 0 to -1.5
volt. Therefore, the product m2/3 t1 /6 curve was less potential dependent than
(t).
Controlled potential electrolyses were carried out using an Analytical
Instruments Inc. Potentiostat. A Sargent Recording Potentiometer (S-72150) on
a current range was used to record current-time curves which could be integrated
for coulometric data. The potential output of the Potentiostat was determined by
means of a Leeds and Northrup Student Potentiometer before and during the elec-
trolyses. Contrary to the statement of the manufacturer (49), it was necessary
to make periodic adjustments of the gain control in the amplifier chassis to get
a close degree of potential control during the electrolyses.
A double-diaphragm cell with a cylindrical working electrode compartment
(300-ml. capacity) was used as the electrolysis cell. This cell is recommended
for use with the above Potentiostat and is manufactured by Analytical Instru-
ments Inc. (49). The working electrode compartment was fitted with a one-hole
Teflon cap through which a glass stirring rod was inserted. A stirred mercury
pool, area 38.5 sq. cm., was the working electrode. A Beckman 5-inch fiber-
junction saturated calomel reference electrode and a 1/8-inch carbon rod
auxiliary electrode completed the cell assembly.
Resistance measurements were made with a General Radio Company Type 650-A
Impedance Bridge containing a 1000 cycle/sec. a.c. current source. A Heathkit
Extended Range Oscilloscope served as a null detector. The polarographic cell




Ultraviolet curves were obtained with a Beckman Model DK2 spectrophotometer.
Infrared curves were run on a Perkin-Elmer Model 21 spectrophotometer. A Wilkens
Aerograph Model A-700 "Autoprep" gas chromatograph was used for identification of
products. All weighings were made on an analytical balance.
POLAROGRAPHIC PROCEDURE
Stock solutions of 0.01M organic compounds in purified absolute ethanol
were prepared and used for two days only. These stock solutions were found to
be unstable after 10 days. The first polarographic wave of an aged benzil solu-
tion decreased in height and a new wave appeared at all "pH's".' The half-wave
potential of the new wave was more than that of the first wave but less than
that of the second wave in alkaline media. The residue from evaporation of an
aged benzil solution had an odor similar to ethyl benzoate. An aged ethanol
solution of benzil or p-anisil consumed alkali during a potentiometric titration.
The shape of a ml. vs. "pH" plot was not the same as a blank titration. A water-
soluble substance, m.p. 111-113°C., was isolated after the potentiometric titra-
tion of an aged benzil solution. A fresh ethanol solution of benzil or p-anisil
produced a ml. vs. "pH" plot very similar to the blank titration. Doering and
Urban (50) isolated benzilic acid (7%), benzoic acid (36%), ethyl benzoate (10%),
and ethyl dibenzoin (3%) from a dried ethanol solution of benzil and sodium
ethoxide after it stood for 5 days. The percentage of benzilic acid increased
when water wa3 present. The rearrangement in my study occurred in 100% ethanol.
The nature of the rearrangement and the products formed were not further studied.
The products could be similar to those reported by Doering and Urban. Chodkowska
and Grabowski (13) also have reported that benzil slowly disappears in an irrevers-
ible reaction in dilute alkaline solutions.
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Thirty-six milliliters of a buffer solution, 2 ml. of water, and 2 ml. of
a stock organic solution were pipetted into the cell and deaerated for 30 minutes
with nitrogen. The concentration of reducible species was always 0.0005M unless
otherwise specified. The glass cylinders were filled with the test solution and
the electrodes introduced into the cell.
Polarograms were recorded at two polarization rates, 0.2 and 0.1 volt per
min. for the more easily reduced compounds; 0.2 and 0.3 volt per min. for the
less easily reduced compounds. The polarograms showed no significant change with
polarization rate or with direction of applied voltage (0 to -2 vs. -2 to 0).
All polarograms were recorded at a current sensitivity of 0.030 microamps (pa.)
per mm. unless otherwise specified. The correction for internal resistance at
this sensitivity was small and could be neglected. All polarograms were recorded
without damping. At least four duplicate polarograms were recorded for each
compound at each "pH", and the reported data are averages of the four polarograms.
The top oscillatory traces of the waves were used to measure the current.-
ELECTROLYSES AND ISOLATION PROCEDURES AND RESULTS
The controlled potential electrolyses conditions were determined from the
polarographic data. Potentials on the diffusion plateaus of the polarograms
were chosen as the electrolyses potentials. The concentration of reducible
species was always 0.0005M.
The auxiliary electrode compartment and the middle section of the electrol-
ysis cell were filled with 50 and 30 ml., "respectively, of the desired buffer
solution. Thirty-five milliliters of mercury (cleaned), 180 ml. buffer solution,
and 10 ml. water were added to the working electrode compartment and deaerated
for 30 minutes with nitrogen. This solution was pre-electrolyzed at a potential
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0.3 to 0.4 volt more negative than the desired electrolysis potential until a
constant current was obtained. Then 10 ml. of a 0.01M organic solution was
introduced into the working electrode compartment and deaerated for 15 minutes.
The electrolysis was commenced and continued until a constant current was ob-
tained, usually about 1 to 3% of the initial current. This indicates a 97 to
99% reduction. The electrolyses times varied from 2 to 3-1/2 hours, the elec-
trolyses at the lower "pH's" requiring the longer times.
The number of electrons (n) involved in the reduction was calculated from
the current-time recordings by integrating with a planimeter. The value of (n)
was always greater than 2, but less than 2.5, indicating a 2-electron reduction.
The variation of (n) was due to experimental error since only the two-electron
reduction products such as benzoin, p-anisoin, and vanilloin were identified.
The reduction products were isolated from the inorganic buffer salts of
the electrolyses solutions by the following procedure:
1. The ethanol was evaporated at reduced pressure on a rotary
evaporator. The concentration of inorganic material was
kept small by addition of water.
2. The more basic buffers were acidified with dilute acetic or
hydrochloric acid since some of the reduction products are
soluble in alkaline solution.
3. The aqueous solution was extracted with ether..
4. The ether solution was dried over anhydrous magnesium sulfate
and reduced in volume.
5. The dried ether solution was evaporated to dryness in a
vacuum desiccator.
Blank experiments, using benzoin and p-anisoin, showed that the anhydrous magnesium
sulfate had no effect on the organic material. Based on these results quantitative
isolation of all products is assumed.
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The number of reduction products was determined by thin layer-chromatography
(TLC) and gas chromatography after Step 4. The electrolyses of benzil at :"pH's"
3, 5, 7.2, 9, and 11.3 contained one product. These products were identified as
benzoin by infrared spectra and mixed melting points. The electrolyses of benzil
at "pH's" 1.5 and 13.5, and p-anisil and vanillil at all "pH's" contained two
products. TLC showed that one product had the same R and color reactions as the
starting material (benzil, p-anisil, or vanillil). The other product had the same
R and color reactions as the expected reduction product (benzoin, p-anisoin, or
-f
vanilloin). Gas chromatography also was used to identify benzoin as the reduc-
tion products of benzil electrolyses at "pH's" 1.5 and 13.5, and to identify p-
anisoin as the reduction product of p-anisil electrolyses at all "pH's".
Blank isolations of authentic p-anisoin and vanilloin from all buffer solu-
tions contained p-anisil and vanillil, respectively. Blank isolations of authen-
tic benzoin from "pH" 1.5 and 13.5 buffer solutions contained benzil. The enoli-
zation of many ketones is catalyzed by both acids and bases. The presence of
substituent groups also affects the keto-enol equilibria although the effects
are not always in the same direction, as pointed out by Gould (51). The enediols
are sensitive to oxidizing agents and are rapidly oxidized to benzil on exposure
to air (52). These reasons suggest that the enediols of benzoin, p-anisoin, and
vanilloin are oxidized to benzil, p-anisil, and vanillil during the isolation
procedure.
Silica Gel G purchased from the Microchemical Specialties Company was used
as the TLC adsorbent. Benzil-benzoin separation was complete when the thin layer
plates were developed first with 100% low boiling petroleum ether (35-60°C.).
After drying, the plate was developed with 19:1 petroleum ether:absolute ethanol.
p-Anisil and p-anisoin separation was complete using 100% chloroform as the
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developing solvent. A trace of glacial acetic acid (0.5%) in the above solvents
minimized streaking. No solvent system was found which completely separated
vanillil from vanilloin. However, a 7:3 toluene:ethyl acetate developer with a
trace of glacial acetic acid produced enough separation for identification.
Sulfuric acid (50%) and 2,4-dinitrophenylhydrazine were used to spray the plates.
A Wilkens, 3/8-inch x 20-ft. aluminum column packed with 30% SE-30 (type of
silicone rubber) on 45/60 mesh Chromosorb W was used for gas chromatography. The
column temperature was 300 to 315°C. The ether solutions from the electrolyses
of p-anisil at all "pH's" and benzil at "pH's" 1.5 and 13.5 produced two maxima
when injected into the gas chromatograph. Authentic benzoin and p-anisoin each
produced two maxima. The materials from these maxima were collected and identified
as benzil and deoxybenzoin, and p-anisil and p-deoxyanisoin, respectively.
Gas chromatography of hydrobenzoin produced one peak corresponding to the
peak identified for deoxybenzoin. Gas chromatography of a mixture of benzil,
benzoin, deoxybenzoin, and hydrobenzoin produced two peaks corresponding to the












zoin disproportionates to benzil and hydrobenzoin. The column
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is proposed for p-anisoin.
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Gas chromatography of vanillil and vanilloin produced no peaks. These
compounds were refluxed with hexamethyldisilazane and trimethylchlorosilane in
pyridine for one hour according to Freedman and Croitoru (53) in an attempt to
prepare the trimethylsilyl (TMS) derivative. This reaction mixture, originally
containing vanillil and vanilloin, was injected into the gas chromatograph and
two peaks were observed.
A reaction mixture of TMS and p-anisoin produced a peak different than the
original two peaks of p-anisoin. The material from this peak was collected, and
an infrared spectrum had a carbonyl band, stronger CH bands than p-anisoin, and
bands similar to silicone at lower frequencies (1200 and less). Based on these
data it is assumed a complex of p-anisoin and TMS was made.
POTENTIOMETRIC TITRATION PROCEDURE AND RESULTS
The concentration of titratable species was 0.005M unless otherwise speci-
fied. Twenty milliliters of the 0.01M stock solution of organic compound and
20 ml. of water were pipetted into a beaker. The beaker was covered with "para-
film" through which an eyedropper was inserted for deaerating the solution with
presaturated nitrogen. The solution was deaerated for 30 minutes and the nitro-
gen was bubbled through the solution during the titration to provide mixing.
The pH meter electrodes and a buret were inserted through the "parafilm." The
initial "pH" was measured and then small increments of sodium or potassium
hydroxide were added and the "pH" recorded. The titrant was dissolved in 1:1
ethanol-water and also was deaerated before addition. The titrant was stand-
ardized with hydrochloric acid and was 0.016 or 0.008N for most titrations. The
"pH" was measured 2 to 4 min. after each titrant addition to assure equilibrium
conditions.
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Blank titrations were made with 40 ml. of 1:1 ethanol-water and 20 ml. of
ethanol. The potentiometric titrations were reproducible to 0.025 "pH" unit.
Table III shows the results of the titrations of the hydroxy-substituted
benzils and the corresponding hydroxy-substituted benzaldehydes. Figures 4 and




Consumed at Consumed to
Initial "pH" of Max. Max. Inflec. Attain "pH"8,
Compound "pH" Inflec. Pt. Pt., equiv. x 10 equiv. x 104
p-Anisil 6.91 -- -- 0.006
Benzil 5.90 -- -- 0.012
m, m'-Dihydroxy-
benzil 6.03 11.31 4.128 0.049
Syringil 6.09 11.09 4.131 0.729
Vanillil 5.72 10.62 4.027 1.345
p,p'-Dihydroxy-
benzil 5.50 10.60 3.961 1.320
3,3' ,4,4'-Tetra-
hydroxybenzil 5.23 10.49 4.006 1.678
m-Hydroxybenz-
aldehyde 7.29 11.40 1.943 0.014
Syringaldehyde 6.60 10.56 2.014 0.400
Vanillin 6.10 10.37 2.009 0.493
p-Hydroxybenz-
aldehyde 6.11 10.50 2.027 0.410
3,4-Dihydroxy-
benzaldehyde 5.85 10.29 1.959 0.659
Using a conversion factor of 2 equiv./mole, there was 4 x 10- 4 equivalent of
organic material present during the titration of the benzil derivatives.
Using 1 equiv./mole as the conversion factor, there was 2 x 10- equivalent
of organic material present during the titration of the benzaldehyde derivatives.
bAll results are corrected for the blank titration.




Figure 4 shows 0.564 x 10 4 equivalents (7 ml.) alkali were consumed by the
blank to obtain "pH" 12.00. An ethanol blank required only 0.3 ml. to obtain
the same "pH". Evidently, the ionization of water causes the extra alkali con-
sumption and the shape of the curve.
The small alkali consumption of benzil and p-anisil could be due to the
benzilic acid rearrangement (54).
Ar Ar
OH- I slow I
Acid
The ml. vs. "pH" curve for p,p'-dihydroxybenzil (Fig. 5) is typical for all
the hydroxy-substituted benzils. Only one inflection is apparent and at the
maximum inflection point two equivalents of alkali per mole of p,p'-dihydroxy-
benzil are consumed. This indicates that both the hydroxyl substituents are
ionized at this point. The absence of an inflection after the addition of 12
ml. of alkali indicates a gradual ionization from a nonionized to a divalent
species. The monovalent species is probably present as an intermediate species.
It should be noted that the initial increase of "pH" from 5.5 to 7.5 of Fig. 5
is caused by the solvent system.
ULTRAVIOLET SPECTRA PROCEDURE AND RESULTS
The concentration of the hydroxy-substituted benzils was 8 mg. per liter.
The concentration of hydroxy-substituted benzaldehydes was 4 mg. per liter. A
microsyringe was used to add the organic compound (from a 0.01M stock solution)
to a 50-ml. volumetric flask containing a buffer solution. The solutions were
prepared the same day the ultraviolet spectra were recorded.
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p,p'-Dihydroxybenzil at "pH" 11.3 and p-hydroxybenzaldehyde over the "pH"
range 7.2 to 13.5 obeyed Beer's law within experimental error of solution prepara-
tion and instrumentation.
The wavelengths and molar absorptivities of the hydroxy-substituted benzils
are listed in Table IV as a function of "pH". The data for the corresponding
hydroxy-substituted benzaldehydes are listed in Table V. The spectra for "pH's"
1.5, 3, and 5 were identical and only the "pH" 1.5 data are reported. The spectrum
of p-anisil was not influenced by "pH". The second maximum of p-anisoin at "pH"
13.5 was shifted to a longer wavelength which was almost identical to the second
maximum of p-anisil. This indicates that the p-anisoin is air oxidized to p-
anisil at the high "pH". The p-anisoin spectrum was not influenced at lower "pH's"
The spectrum of 3,3',4,4'-tetrahydroxybenzil at "pH" 13.5 is distinctly dif-
ferent from the spectrum at "pH" 11.3. The two maxima at 332 and 390 :
mp in "pH" 13.5 buffer could be caused by the ionization of the meta-hydroxyl
groups or by some rearrangement.
The ultraviolet spectra of the benzaldehyde derivatives were obtained in
order to compare their molar absorptivities with the molar absorptivities of the
corresponding benzil derivatives. The molar absorptivity ratio of equal molar
solutions of benzil derivatives to benzaldehyde derivatives was approximately
1.75 in acidic solutions and 1.40 in basic solutions.
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TABLE IV
ULTRAVIOLET SPECTRA OF BENZIL DERIVATIVES
max'
mu,








































233.0 22,160 288.0 18,760 332.0
-- a-- 286.0 18,090 335.0
368.0
252.5 13,470 -- -- 373.0
253.0 14,820 -- -- 374.0
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221.0 16,050 301.0 29,630
1.5 222.0 17,680
13.5 222.0 16,490
aThe solvent-buffer system absorbed before the organic compound.



































ULTRAVIOLET SPECTRA OF BENZALDEHYDE DERIVATIVES
max'
"pH" my maxmax max maxmax
3,4-Dihydroxy-
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The solvent buffer system absorbed before the organic compound.





















POLAROGRAPHIC RESULTS AND DISCUSSION
At least one polarographic wave was produced for each of the compounds
studied at all "pH's". There was also a second more negative wave at higher
"pH's". The second waves were helpful in determining the reduction products of
the first waves, but the primary emphasis in this study has been the investigation
of the first waves.
The first waves for all compounds were two-electron reductions. These waves
were more irreversible in the acid than in the basic solutions. The waves were
not completely diffusion controlled. The half-wave potentials were "pH" depen-
dent over the "pH" range 1.5 to 13.5. The "pH" dependence was different in the
acid and basic solutions. Electron-releasing substituents made the reductions
harder (more negative half-wave potentials). Solvent-solute interactions, such
as hydrogen bonding and ionization, were evident for the hydroxy-substituted
compounds. These solvent effects complicated the reductions of the hydroxy-
substituted compounds to such an extent that no quantitative correlation of
structure and reactivity was obtained. A kinetic analysis of the data showed
there was more than one irreversible process for the reductions.
Elving (55) states, "the half-wave potential for an irreversible polaro-
graphic wave can seldom be reproduced to less than + 10 millivolt." The experi-
mental errors in measuring the half-wave potentials in this investigation were
equal to or less than + 10 mv., except for 3,3',4,4'-tetrahydroxybenzil. The
irreversibility of this compound was greater than the other compounds.
The half-wave potentials are given to three decimal places throughout this
thesis for comparative purposes only.
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DESCRIPTION OF THE POLAROGRAPHIC WAVES
One polarographic reduction wave was produced at "pH's" 1.5 to 7.2, and two
waves were produced at "pH's" 9, 11.3, and 13.5 for all compounds except 3,3',4,4'-
tetrahydroxybenzil which produced no second wave at "pH" 13.5. The limiting
currents of the second waves increased with increasing "pH". The limiting
currents of the first waves were similar for all compounds.
Ithas been shown (13, 23) that benzil is reduced to the enediol of benzoin,
which then rearranges to the keto form. The enediol is not reducible at the DME.
The enol to keto rearrangement is facilitated in alkaline solution so that the
enediol rearranges to the reducible keto form before it diffuses away from the






An ideal method to determine the polarographic reduction product of a
particular compound is to reduce the expected reduction product at the same
conditions. If the second wave of the particular compound has the same E1/
as the first wave of the expected reduction product, it can be concluded that
the reduction product is the expected one.
p-Anisoin and vanilloin were reduced at all "pH's" since these are the
reduction products of p-anisil and vanillil as indicated from controlled poten-
tial electrolyses (p. 28 to 31). Benzoin also was reduced for comparison
purposes since it is the reduction product of benzil.
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Provided that p-anisil and vanillil are reduced to their enediols, as reported
for benzil, a second wave for these compounds would not be expected unless the
enediols rearranged to the keto forms before they diffused away from the elec-
trode. p-Anisoin, vanilloin, and benzoin should produce reduction waves at all
"pH's". The E1/2 's of these waves should be similar to the El/2's of the second
waves of p-anisil, vanillil, and benzil at "pH's" 9, 11.3, and 13.5.
The data presented in Table VI show that benzoin, p-anisoin, and vanilloin
produce reduction waves at all "pH's". The fact that p-anisil and vanillil do
not have a second wave at "pH's" 1.5 to 7.2, and that p-anisoin and vanilloin
were identified as the controlled potential reduction products at these "pH's'",
indicates that the enediols are the electrode reduction products. This statement
is supported by the fact that benzil behaves accordingly.
TABLE VI
HALF-WAVE POTENTIALS FOR BENZOIN, p-ANISOIN, VANILLOIN,
AND FOR THE SECOND WAVE OF BENZIL, p-ANISIL, AND VANILLIL
-E1/2 volts
"pH" 1.5 3.0 5.0 7.2 9.0 11.3 13.5
Benzoin 0.860 o.966 1.156 1.291 1.354 1.504 1.530
p-Anisoin 0.874 -- 1.215 1.382 1.430 1.581 1.627
Vanilloin 0.987 1.125 1.320 -- 1.503 1.763 1.818
Benzil -- -- -- -- 1.9 1.516 1.545
p-Anisil - - 1.450 1.596 1.624
Vanillil -- -- -- - 1.464 1.758 1.802
aSolvent-supporting electrolyte system decomposed before the reduction occurred.
bNo second wave was produced for benzil, p-anisil, and vanillil at "pH's" 1.5
to 7.2.
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The E 's of the second waves of p-anisil and vanillil are identical with
the E1/2 's of p-anisoin and vanilloin (within experimental error) at "pH's" 11.3
and 13.5. At "pH" 9 the E/2 values are not identical within experimental error.
However, at this "pH" the currents produced for the second waves of the benzils
were 1/10 the currents produced for the benzoins. This introduces an additional
error into the calculation of the E /2's Again the benzil and benzoin reduc-
tions at "pH's" 9, 11.3, and 13.5 are similar to those just discussed for p-
anisil, p-anisoin, vanillil, and vanilloin.
The data just presented and the fact that the reduction of p-anisil and
vanillil requires two electrons, as determined from controlled potential elec-
trolyses, indicates that the reduction of p-anisil and vanillil is the same as
that reported for benzil (13, 23).
The limiting currents for all benzil derivatives were similar. The limiting
current is dependent upon the number of electrons involved in the reduction as
seen from the Ilkovic Equation (6). Since the other terms of this equation were
held constant, it follows that the number of electrons involved in the reductions
of the other benzil derivatives equals two, as shown for benzil, p-anisil, and
vanillil. It was stated earlier (p. 40) that the number of waves produced at a
given "pH" was the same for all the benzil derivatives. Therefore, it can be
assumed that the reduction products of the benzil derivatives are their respec-
tive enediols as was shown for benzil, p-anisil, and vanillil. However, the
rates of the secondary rearrangements to the keto forms are probably influenced
by the substituents.
The polarograms of benzoin, p-anisoin, and vanilloin were recorded by the
procedure described on page 27. At "pH" 13.5 these compounds produced two waves
but at lower "pH's" only one wave was produced. The first waves at "pH" 13.5
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had the same E 1/'s as the corresponding benzils. If the "pH" 13.5 buffer solu-
tion was deaerated before adding the benzoins, only one wave was produced. If
the nitrogen was stopped for 15 minutes and then another polarogram recorded,
two waves were produced. Chodkowska and Grabowski (13) also reported this
phenomenon for benzoin, and state that benzil is easily formed in alkaline media
by accidental oxidation of benzoin. Keto to enol rearrangements are known to be
base catalyzed (51). Therefore, it appears that the enediol to benzoin rearrange-
ment is rapid for benzoin, p-anisoin, and vanilloin at "pH" 13.5. The ultra-
violet spectrum of p-anisoin in "pH" 13.5 buffer solution also indicates that
p-anisoin is oxidized to p-anisil. See page 37.
NATURE OF THE ELECTRODE PROCESS
REVERSIBILITY OF THE ELECTRODE PROCESS
The potential of a thermodynamic reversible electrode reaction is the
equilibrium potential acquired byan electrolytic solution when there is no current
flowing through the system. When an attempt is made to carry out a reaction at an
appreciable rate, the potential of the electrode must be changed from the equil-
ibrium potential in such a direction as will sustain the flow of current. The
greater the current or resistance to current flow the greater is the change of
potential, and the greater is the irreversibility of the electrode process.
Overpotential is a measure of the degree of irreversibility of an electrode
reaction. Overpotential is the difference between the equilibrium potential and
the potential required to sustain a current flow. Therefore, the greater the
overpotential the more irreversible the electrode process.
Reversible electrode processes occur at finite rates, and hence, cannot be
considered strictly as thermodynamically reversible reactions. However, Lingane
-44-
has stated, "there are many cases where the potential of a working electrode-is so
slightly greater than the reversible potential computed from the concentration at
the electrode surface,that the: difference between the two approaches experimental
error" (56).
The transfer coefficient (a) is used to designate the fraction of the applied
electrode potential which favors the electrode reaction in the forward direction,
and (l-Q) is the fraction of the applied electrode potential which hinders the
backward reaction. The value of a equals unity for a reversible electrode re-
action. The irreversibilities of electrode reactions are often referred to as
more or less irreversible depending upon the deviation of a from unity.
One criterion of reversibility of an electrode reaction is that a plot of log
[i/(I D - i)] vs. E from Equation (7) produces a straight line and that the slope
of this line is equal to 0.0591/on. Any deviation of the slope greater than 3
to 5 millivolts is, according to Meites (57), "fairly conclusive proof of some
degree of irreversibility."
The potential of an irreversible wave at any point is determined not only
by the rate of diffusion of the reducible and reduced species to and from the
electrode, but also by the rates of the various processes (both chemical and
electrochemical) occurring at the drop-solution interface. The meaning of the
slope of a plot of Equation (7) for an irreversible electrode process is not
clearly understood. The slope of an irreversible electrode process is deter-
mined by the relative magnitude of the charge of the reducible species (z), the
number of electrons transferred (n ), the potential difference between the
interior of the electrode and the reaction site (0), and the change of (0) with
potential (58). Keeping this in mind, the slope determined from a plot of
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Equation (7) is not a direct measure of the degree of irreversibility, but only
an indication of it.
In order to apply this test for reversibility [plot of Equation (7)] of an
electrode reaction it is necessary to have an independent estimate of the number
of electrons involved in the electrode reduction. It has been determined by
controlled potential electrolyses and the polarographic reductions of benzoins,
that two electrons are involved in the electrode reactions of this investigation.
The values of cn were calculated from the slopes of the least squares corre-
lations obtained from the computer program mentioned on page 15. For a reversible
electrode process the value of an equals two. Any deviation of an greater than
+ 0.15 (1.85 to 2.15) is an indication of the degree of irreversibility of the
electrode reactions.
The an values are presented in Table VII.
TABLE VII
THE EFFECT OF HYDROGEN ION CONCENTRATION ON cn
m,m'-Di- p,p'-Di- Tetra-
m- p- hydroxy- hydroxy- hydroxy-
"pH" Benzil Anisil Anisil benzil Syringil Vanillil benzil benzil
1.5 1.02 1.01 1.04 1.15 1.00 0.85 0.77 0.57
3.0 0.88 1.01 0.91 0.70 0.90 0.71 0.48 0.22
5.0 1.05 1.61 1.09 0.82 1.05 0.71 0.57 0.51
7.2 1.23 1.43 1.26 1.01 0.78 0.96 0.93 0.99
9.0 1.76 2.09 1.81 1.59 1.21 1.12 1.05 0.92
11.3 2.05 2.09 1.60 1.71 0.95 0.99 o.81 0.87
153.5 2.06 2.10 2.10 1.15 1.31 1.05 1.09 0.47
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The points of interest of these data are the following:
(1) The an values have a minimum at "pH" 3.
(2) The an values increase with increasing '"pH" indicating a
more reversible process at the higher "pH's". The reductions
at "pH's" 9.0, 11.3, and 13.5 for m-anisil, at "pH's" 11.3 and
13.5 for benzil, and at "pH" 13.5 for p-anisil are reversible.
(3) The an values of m,m'-dihydroxy- and tetrahydroxybenzil are less
at "pH" 13.5 than at "pH's" 9 and 11.3.
(4) The an values of the nonhydroxy-substituted compounds are greater
than those for the hydroxy-substituted compounds with the excep-
tion of syringil in the acid region and m,m'-dihydroxybenzil at
"pH" 1.5. In general, the greater the electron-releasing ability
of the substituents, the less the an value.
(5) Excluding 3,3',4,4'-tetrahydroxybenzil, the an values for all
compounds are more nearly uniform at "pH" 1.5.
Many investigators have shown that the nature of the anions and cations of
the supporting-electrolyte affect the reductions of irreversible inorganic systems
(58-61). Reinmuth, Rogers, and Hummelstedt (58) have indicated that the anion of
the supporting electrolyte affects an on the anodic side of the electrocapillary
maximum, (ECM)*, and that the cation affects an on the cathodic side. A minimum
is observed for an in the vicinity of the ECM. Lothe and Rogers (62) working
with carbon tetrachloride and Rosenthal, Albright, and Elving (63) working with
C3 to C8 a-bromo-n-alkanoic acids found this parabolic shape of an with E/2 as
the pH was changed.
*The ECM is the potential when the net charge of a thin layer of solution immedi-
ately surrounding the drop is zero. At this point there is no preferential
adsorption of ions.
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The ECM can be associated with the maximum of a plot of drop time vs. E
(64). The ECM is between -0.23 and 0.40 volt as shown on Fig. 5. The E /2's
at "pH" 3.0 are close to the ECM for the compounds studied. Therefore, the
minimum an values at "pH" 3.0 are probably due to the ECM.
Figure 6 illustrates the typical logarithmic plots obtained for the compounds
with various an values. The smaller the on value, the more the plots deviate from
straight lines. Meites (65) states that straight-line log plots can be secured
for irreversible waves. "Often, however, the plots are not straight but curved,
and sometimes may even be found to consist of two intersecting straight lines."
This type of plot is good evidence of an irreversible wave.
Another criterion of polarographic reversibility is that the E1/ be con-
stant and independent of the concentration of reducible species. The E /'s
for irreversible waves often vary with concentration, and they usually become
more negative as the concentration increases. The effect of concentration on
E1/ is shown in Table VIII.
The insignificant variation of the E/2 of benzil with concentration indi-
cates that it is reversibly reduced in unbuffered solutions. The "pH" at the
DME in the unbuffered solution is approximately 11.1 as estimated by comparing
theEl/2 in unbuffered solution with the E/2's of buffered solutions in Fig. 9.
The Cn values of benzil at the higher "pH's" (11.3 and 13.5) also indicated a
reversible reaction. Therefore, the two tests of reversibility (on values and
the variation of E1/ with concentration) are in agreement.
The variations of the E/2's of p-anisil and vanillil with concentration
are greater than experimental error in the "pH" 7.2 buffered solution. There-
fore, these two compounds are irreversibly reduced at "pH" 7.2. Again the two

tests of reversibility are in agreement, since the an values of p-anisil and
vanillil (Table VII) also indicated an irreversible reduction.
TABLE VIII
EFFECT OF CONCENTRATION ON BENZIL, p-ANISIL,
AND VANILLIL AT 25°C.
Concn., i a. - l. -E/ vs. s.c.e.,
mmole _- V mmoleJ volts



















CURRENT CONTROLLING ELECTRODE PROCESS
An electrode process is controlled by diffusion if iJC is independent of
concentration. Any variation of D/C with concentration is evidence that the
limiting current is not totally diffusion controlled, but is partially governed
by the actual rate of the electrode process. The values of _/C for benzil,
p-anisil, and vanillil are given in Table VIII.
The small variation of i/C with concentration for benzil indicates that
the reduction is diffusion controlled in the unbuffered solution. The varia-
tions of i/C with concentration for p-anisil and vanillil indicate that the




Another test to determine if the current is diffusion controlled is the effect
of the temperature on the limiting current. The temperature coefficient of iD
found by differentiating the Ilkovic Equation (6) with respect to temperature,
is practically equal to one-half of the temperature coefficient of the diffusion
coefficient of the reducible species.
The temperature coefficient of iD of organic compounds should not be much
larger than +2 to 3% per degree for a diffusion-controlled process. Much higher
values than this are found if the current is rate-controlled. This is further
assured if the temperature coefficient itself is found to change markedly with
temperature (66).
In Table IX are given the iD's and the E /2's for benzil, p-anisil, and
p,p'-dihydroxybenzil in several buffer solutions at temperatures 25.00, 30.10,
and 40.10°C. The values of iD were used to calculate the temperature coeffic-
ients of the limiting currents according to the following equation (66):
where I2 and iD1 are the limiting currents measured at temperature T2 and T,
respectively.
The temperature coefficients from 25 to 40.1°C. (last column of Table IX)
for the iD's of benzil and p-anisil compare favorably with the predicted tempera-
ture coefficient for a diffusion-controlled process. The variation of the tem-
perature coefficients with temperature from 25 to 50.1°C. and 50.1 to 40.1°C. may
indicate that the i 's are slightly dependent on some rate-controlling process.
-D
The temperature coefficients from 25 to 50.1°C. and 50.1 to 40.1°C. for the
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at the "pH's" investigated. However, the temperature coefficients of the ID's
from 25 to 40.1°C. indicate a diffusion-controlled process. These conflicting
data indicate that the effect of temperature on the electrode reduction of p,p'-
dihydroxybenzil is complicated. There could be a change in mechanism at 30°C.
which would require more or less than two electrons for the reduction. A solvent-
solute interaction also could be responsible for the conflicting temperature coef-
ficients. These, two possibilities will now be examined.
If the electrode reaction of p,p'-dihydroxybenzil at 30°C. is due to a change
in the number of electrons and, therefore, a change in mechanism, the an value at
30.1°C. should be different. The an values for p,p'-dihydroxybenzil, benzil, and
p-anisil were calculated at 30.1 and 40.1°C. and compared with the values at
25.0°C. There was a small variation with temperature, but the an values for
benzil and p-anisil varied as much as the an values for p,p'-dihydroxybenzil.
Therefore, it does not appear that there is a change in the number of electrons
involved in the reductions at 30.1°C.
The deviation of the an values of p,p'-dihydroxybenzil from two in Table
VII indicates that it is irreversibly reduced at the DME. Kolthoff and Lingane
(67) state that the variation of E1/ with temperature is related to the activa-
tion energy of the irreversible step in the electrode reaction. The E 's of
p,p'-dihydroxybenzil in Table IX are more negative at 30°C., but the variation
is not much greater and sometimes less than experimental error. This small change
in the El/2 at 30°C. could indicate that an irreversible step is responsible for
the conflicting temperature coefficient values of iD's.
The hydroxyl groups of p,p'-dihydroxybenzil can be affected by solvent-solute
interactions such as ionization and hydrogen bonding. These interactions would
not greatly affect benzil and p-anisil and also could be irreversible steps in
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the electrode reduction of p,p'-dihydroxybenzil. Delahay and.Mattax (61) state
that occurrence of temperature-dependent stepwise processes complicate the effect
of temperature on an electrode reaction.
The potentiometric titrations indicate that ionization does not occur until
"pH" 5. Since the temperature effect occurs at "pH's" 1.5 and 3.0, the ioniza-
tion of the hydroxyl groups does not appear to be responsible. However, there is
a possibility that the hydroxyl groups could be ionized at the electrode, due to
the high electric field.
Hydrogen bonding appears to be a better explanation since it has been
reported that spectacular reductions in the infrared intensities of hydroxyl
association bands may accompany a temperature rise of 10 to 20°C. (68). Finch
and Lippencott (69) studied methanol, ethanol, o-chlorophenol, and phenol in
ether over the temperature range -93 to 65°C. They concluded that temperature
affects both the infrared frequency and the absorption of each particular
hydrogen-bonded species. Liddel and Becker (70) report a 36% decrease in in-
tensity and a 0.2% increase in frequency for monomeric methanol (0.005M) in
carbon tetrachloride. Others (71-73) have reported the same absorbance behavior
for dilute solutions of phenols in hexachlorobutadiene. Coggeshall and Saier
(74) have showed that association may occur between hydroxylated material, such
as ethanol (0.015M), and proton acceptor materials such as acetone and dioxane
(0.235M) in carbon tetrachloride. Hughes, Martin, and Coggeshall (71) explain
that the infrared intensity decrease is due to a decrease in intensity of the
force field on a molecule due to its neighbors, since the average distance be-
tween molecules becomes greater as the temperature increases.
The above studies were for solute-solute or intermolecular hydrogen bonding.
The concentration employed in this study (0.0005M) is too dilute for intermolecular
1
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hydrogen bonding between two dihydroxybenzil molecules (75). However, there are
possibilities for solvent-solute hydrogen bonding as will be shown later with
diffusion coefficient calculations, page 60. The temperature increase could
decrease the amount of solvent-solute hydrogen bonding. This would increase
the diffusion coefficient of p,p'-dihydroxybenzil and, therefore, the limiting
current would increase, as shown by the Ilkovic Equation (6).
It now appears that the temperature coefficients of the 1D's of p,P'-
dihydroxybenzil are due to solvent-solute interactions, especially hydrogen
bonding, rather than a change in the number of electrons involved in the reduc-
tion process.
KINETICS OF THE ELECTRODE PROCESS
The previous data have shown that the majority of the polarographic waves
are irreversible. A kinetic analysis of the data was done to determine the
rate constants of the electrode reactions. The Koutecky procedure (31) for
totally irreversible waves controlled by one rate-determining process was used
for the analysis. The calculations were made for all waves using a computer
program (IBM 1620) previously mentioned on-page 17.
The test for one rate-determining process in an irreversible electrochemical
reduction is that a plot of log k vs. E yields a straight line. Except for
benzil, m-anisil, and p-anisil at "pH" 13.5, and benzil and m-anisil at "pH"
11.3, plots of log kfh vs. E from Equation (13) did not produce straight lines,
but showed inflections. This indicates that the electrode reactions are more
complicated than the single-rate-determining process assumed by Koutecky in
deriving Equation (11) for irreversible polarographic waves. Figures 7 and 8
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Eat "pH" 15.5. The kh values were calcu-
Koutecky method. 1. Benzil and m-Anisil;
3. m,m'-Dihydroxybenzil; 4.. Syringil; 5.
p,p' -Dihydroxybenzil; 7. Tetrahydroxybenzil
The linear log k vs. E relationships of benzil, m-anisil, and.p-anisil
are not understood since these compounds are reversibly reduced at "pH" 13.5,
and an analysis for irreversible waves was used to obtain the relationships.
Some of the log kh vs. E plots exhibited more than one inflection point.
The significance of this has not been ascertained to date. Therefore, it can
only be concluded that there is more than one irreversible step for these elec-
trode reactions.
The physical significance of the rate constant k0 h obtained from the inter-
cept at zero potential versus a NHE is uncertain. The values of k, were used
to calculate the E /2's of the irreversible waves from Equation (10). These
E1/2's agreed within 5 my with the E/2's obtained by using Equation (7) for
reversible waves. The log k0 values are given in Table X. Some qualitative










































































The nature of the electrode processes can be summarized as follows:
(1) The reversibility of the process increases with increasing
"pH". This is due to the role of the hydrogen ion in the
electrode reduction and also to the affect of "pH" on the
keto-enol equilibrium of the reduction product.
(2) The hydroxy-substituted compounds are more irreversible than
the nonhydroxy-substituted compounds. This is due to solvent
interactions, such as ionization and hydrogen-bonding.
(3) The current is partially controlled by the rate of reaction
and diffusion for all compounds at all "pH's" with the excep-
tion of benzil, p-anisil, and possibly m-anisil at a "pH"
greater than 11.
(4) There is more than one irreversible process for the reductions
of all compounds at all "pH's" except benzil, m-anisil, and
p-anisil at "pH" 13.5.
EFFECT OF HYDROGEN ION CONCENTRATION ON
THE POLAROGRAPHIC WAVES
The E1/ and iD values for the compounds polarographically reduced are shown
in Table XI. The values shown are averages of four polarograms and were obtained
with the computer program which solved the Heyrovsky-Ilkovic Equation (7).
EFFECT ON THE LIMITING CURRENT
The limiting current values for each compound were corrected for the varia-
tion of the product m2 / 3 t1 / 6 with potential. This variation is shown in Fig. 3.
The potential of the limiting current at "pH" 1.5 was selected as the base and
the ID's at the other "pH's" were corrected to this potential.
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The experimental error for the limiting current was + 0.12 pa. This was the
error due to measuring the concentration for the polarographic reduction solutions.
The iD for each compound decreases somewhat as the "pH" is increased. The limit-
ing currents (uncorrected for residual current) did not decrease with increasing
"pH". Evidently, the decrease of 1D (corrected for residual current) is due to
the increase of residual current at the more negative voltages.
The average limiting currents over the "pH" range are shown in Table XII.
The experimental conditions which would affect the iD or the terms of the Ilkovic
Equation (6) were held constant for the compounds in Table XII. The diffusion
coefficients were calculated using the Ilkovic equation. The value of m / 3 t1/6
was obtained from Fig. 3 at the potential of the limiting current. The average
diffusion coefficients over the "pH" range are given in Table XII.
TABLE XII
AVERAGE LIMITING CURRENTS AND DIFFUSION COEFFICIENTS


















The diffusion coefficients decrease with increasing molecular weight as one
would predict, except for the dihydroxybenzils. The diffusion coefficients indi-
cate that the migration of dihydroxybenzil is slowed down, probably due to a
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solvent interaction. These compounds are capable of hydrogen bonding with the
solvent which could exert a drag on the diffusion toward the electrode. Vanillil
and syringil are capable of intramolecular hydrogen bonding (9), and, therefore,
most of the hydrogen bonding ability of these compounds is consumed. This would
explain why the iD's and diffusion coefficients of vanillil and syringil are not
significantly different from those of the dihydroxybenzils.
EFFECT ON THE HALF-WAVE POTENTIAL
The least squares method was used to obtain Fig. 9 and 10 showing the effect
of "pH" upon the E1/ The data of Table XI were used for the calculations.
The correlation coefficients of the least squares calculations were 0.995 or
greater. One per cent confidence limits were obtained for all the correlations.
The data points of Table XI are represented by circles. The data points at
"pH" 11.3 were not used in the least squares calculations and are represented by
(X's) on Fig. 9 and 10. These data points do not fit the linear relationships.
The rate of equilibration of the bicarbonate buffer system was too slow compared
to the electrode reaction, and the "pH" at the DME was greater than 11.3 during
the reductions (44).
The 1/2 vs. "pH" relationship of vanillil was included in Fig. 9 to demon-
strate the different "pH" dependence of hydroxy-substituted compounds. The
data for benzil were included in Fig. 10 also for comparison.
The change of the "pH" dependence of E/2 between acid and basic media is
due to a change in the role of the hydrogen ion in the reduction. It does not
indicate a change in the over-all reaction since benzoin, p-anisoin, and vanil-
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2. p,p'-Dihydroxybenzil; 3. Vanillil; 4. Syringil;
5. m,m'-Dihydroxybenzil; 6. Benzil
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be transferred before the electron, preprotonation, in the acid region, while in
the basic region, the proton and electron could be transferred at the same time.
both the acid and basic solutions. They are more "pH" dependent in the acid
media than in the basic media. Chodkowska and Grabowski (13) also reported this
type "pH" dependence for benzil. The change in slope occurred at pH 6.9 in their
study as compared to 7.2 in this investigation. They used 48% ethanol by volume
and the slightly different solvent system could account for the above difference.
The "pH" dependence of the E1/2's of the hydroxy-substituted compounds are
shown in Fig. 10. The averaged data for 3,3',4,4'-tetrahydroxybenzil are repre-
sented by squares, and the lines through the squares represent the deviations of
the individual data from the average. The dotted lines through two data points
represent the expected linear relationships. m,m'-Dihydroxybenzil, syringil,
and vanillil have linear relationships from "pH" 1.5 to 7.2. p,p'-Dihydroxy-
benzil has a straight-line relationship between "pH's" 1.5 and 5.0.
The hydroxy-substituted compounds are more "pH" dependent than benzil, m-
anisil, and p-anisil at all "pH's" as seen from Fig. 9 and 10. The slopes of
the E/2 vs. "pH" plots in acidic media increase in the order: nonhydroxy-
substituted compounds < syringil < m,m'-dihydroxybenzil < vanillil < p,p'-
dihydroxybenzil. The increase in slope parallels the increase of acidity deter-
mined from the potentiometric titrations (Table III, p. 32) with the exception
of syringil and m,m'-dihydroxybenzil. The enhanced "pH" dependence of the
hydroxy-substituted benzils is probably due to the solvent interactions with the
hydroxyl groups. The hydroxyl groups on syringil are sterically hindered by the
methoxyl groups, and may be shielded from solvent-solute interactions. The solvent-
solute interactions apparently increase as the "pH" increases.
An interesting point of Fig. 10 is the straight line E/ 2 vs. "pH" rela-
tionship of m,m'-dihydroxybenzil crossing that of benzil. In terms of electron-
withdrawing and electron-releasing ability, the m-hydroxy-substituent is an
electron-withdrawer at "pH" 1.5 and becomes an electron-releaser as the "pH" is
increased.
The E/2's of the hydroxy-substituted compounds have a similar "pH" depen-
dence in the basic media. The similar slopes of the E1/ vs. "pH" relationships
indicate that the solvent-solute interactions on these compounds are identical
in basic media. This was not the case for the reductions in acidic media.
In order to have similar solvent interactions, the solvent must act upon
similar reducible species. The potentiometric titrations indicated that only
the nonionized and the divalent forms of the hydroxy-substituted compounds were
present in basic media. Therefore, the ionized form of these compounds must be
the species which is reduced at the electrode. If this were not the case, the
E1/2 vs. "pH" relationships of the hydroxy-substituted compounds would vary in
the basic media as they do in the acidic media.
The following reasons support the fact that the ionized forms of the hydroxy-
substituted compounds are being reduced:
1. If both the nonionized and ionized forms were being reduced,
one would expect two polarographic waves in the "pH" region 7
to 9. Miller and Baumberger (76) found this for the reduction
to pyruvic acid in the intermediate pH region. The sum of the
iD's of the two waves equalled the -D in the more acidic and
basic solutions. In this investigation only one polarographic
wave was produced at "pH's" 7 and 9.
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2. The nonionized and ionized forms could be reduced at potentials
less than 0.15 volt apart, and then only one wave would be
produced. The iD of this wave would be the same as that observed.
If this were the case, there would not be a straight-line rela-
tionship between "pH's" 7.2, 9.0, and 13.5. There would be a
change in slope between "pH" 9 and 13.5 indicating that only the
ionized species was reduced at "pH" 13.5.
One might argue that the data at "pH" 11,3 are true phenomena and they repre-
sent the discontinuous E1/2 vs. "pH" effect one would expect if the nonionized
form were being reduced. Two obvious facts eliminate this possibility. (A)
The E1 /2's at "pH" 11.3 for benzil, m-anisil, and p-anisil would be included
in the straight-line relationships for these compounds if the carbonate buffer
system at "pH" 11.3 was adequate. There was no indication of ionization of
benzil and p-anisil from potentiometric titrations. Also, Chodkowska and
Grabowski (13) showed a straight-line relationship for benzil through pH's 7.5,
8.0, 9.5, 9.9, 11.7, 13.1, and 14.0. (B) The E1/2 vs. "pH" data at "pH's"
7.2, 9.0, and 13.5 define least squares straight lines having correlation coef-
ficients 'with 1% confidence limits. It is unlikely that this good correlation
would occur by chance.
3. The slopes of the E1/2's vs. "pH" relationships are greater in
the basic region than in the acidic region for m_,m'-dihydroxy-
benzil, syringil, and vanillil. If the nonionized forms were
reduced, one would expect these slopes to be less in the basic
region, and similar to those for the nonhydroxy-substituted
compounds. The line drawn between two data points, dotted lines
for m,m'- and p,p'-dihydroxybenzil, and the line through the data
points at "pH's" 2.8, 5.1, and 7.1 for tetrahydroxybenzil
(Fig. 10) represent the type of "pH" dependence one would
expect if the nonionized forms were reduced. The slopes of
these "straight lines" are similar to the slopes for the "pH"
dependence of benzil, m-anisil, and p-anisil in the basic media.
4. Elving (55) has discussed a pH invariant region for the reduction
of maleic and fumaric acids. For these acids, a split wave phe-
nomenon occurs around pH 6. This is due to the rate of acid-
anion interconversion being slow enough to permit the waves of
both the acid and the corresponding, but more difficultly- reduci-
ble anion to be simultaneously observed. In Fig. 10, "pH" in-
variant regions are shown for m,m'-dihydroxybenzil between 7.2
and 8.8, for p,p'-dihydroxybenzil between 5 and 7.2, and for
tetrahydroxybenzil between 2.8 and 7.1. The "pH" of the invar-
iant region becomes lower as the acidity of the acids increase.
There was a slight indication of two waves for the reduction of
tetrahydroxybenzil at "pH" 2.8. However, it cannot be ascer-
tained if this behavior is due to an acid-anion equilibrium or
the possibility of two one-electron processes which can be
slightly distinguished due to the high electron-releasing ability
of the four-hydroxy-substituents.
There appears to be little or no "pH" invariant region for syringil and
vanillil. Intramolecular hydrogen-bonding (9) probably accounts for this phenom-
ena. In other words, the hydrogens of the hydroxyl groups are stabilized by
intramolecular hydrogen bonding with the methoxyl substituents. When a high
enough "pH" is obtained for ionization, the hydrogens are pulled away. The
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stabilizing influence of intramolecular hydrogen-bonding makes the "pH" range
of a slow acid-anion equilibrium small compared to m,m'-, p,p'-, and tetra-
hydroxybenzil.
5. Elving, et al. (77) studied the effect of ionic strength on a-
bromo-n-butyric acid over the pH range 1 to 12. They found
the 1/2 became more negative when the ionic strength was varied
at pH's lower than 4.8. Variation of ionic strength at pH's
greater than 4.8, caused the E/2 to become more positive. At
the higher pH's the acid was ionized. The E /'s of vanillil
at "pH" 11.3 became more positive as the ionic strength was in-
creased by adding potassium chloride. The E l / s were -1.342,
-1.301, and -1.271 for ionic strengths of 0.4, 0.5, and 0.6.
The "pH" was not affected by the addition of the potassium
chloride. The more positive values of E1/2 as the ionic
strength is increased indicates that an ionic species is being
reduced.
The dissociation equilibria of these hydroxy-substituted benzils must be
fast compared to the electrode reaction. If this were not the case, the reduc-
tion waves in the intermediate "pH" region would not have limiting currents
similar to the acid and more basic regions. Also, there would be two waves and
the limiting currents of these waves would be controlled kinetically by the
ionization equilibria as is the case for pyruvic acid (78).
EFFECT OF STRUCTURE ON THE HALF-WAVE POTENTIAL
Structural effects are generally excellent criteria for evaluating a mechan-
ism. A change in molecular structure had a marked effect on the 1,2-dicarbonyl
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reduction site. The 1/2 became more negative as the electron-releasing ability
of the substituents increased. This is the expected shift, since the electron
density around the reduction site is enhanced and makes the addition of electrons
more difficult.
The expected order of ease of reducibility in acidic media, based on reson-
ance and inductive effects, is m,m'-dihydroxybenzil, m-anisil, benzil, syringil,
vanillil, p-anisil, p,p'-dihydroxybenzil, and 3,3',4,4'-tetrahydroxybenzil. The
observed order at "pH" 1.5 (Table XI) is identical to the above with the excep-
tion of m,m'-dihydroxybenzil and m-anisil. In less acidic solutions the observed
order changes. m,m'-Dihydroxybenzil changes from-an electron-withdrawer to an
electron-releaser. At "pH" 3.0, vanillil is harder to reduce than p-anisil, and
at "pH" 5.0, both vanillil and syringil are harder to reduce than p-anisil. At
"pH" 5.0 the observed order of ease of reduction is m-anisil, benzil, m,m'-di-
hydroxybenzil, p-anisil, syringil, vanillil, p,p'-dihydroxybenzil, and tetra-
hydroxybenzil. These changes in the ease of reduction could be due to solvent-
solute interactions which alter the electron density around the reduction site.
The expected order of ease of reducibility in basic media is somewhat
changed due to the ionization of the hydroxy-substituents. The order is m-
anisil, benzil, p-anisil, m,m'-dihydroxybenzil, syringil, vanillil, p,p'-di-
hydroxybenzil, and tetrahydroxybenzil. This is the observed order in the basic
media with two exceptions (see Table XI). (1) At "pH" 9.0, m,m'-dihydroxy-
benzil is easier to reduce than p-anisil. This is due to the small degree of
ionization of m,m'-dihydroxybenzil at this "pH". (2) Tetrahydroxybenzil is
easier to reduce than vanillil and syringil at "pH" 13.5. If the change of
ultraviolet absorption spectrum at "pH" 13.5 (Table IV) was caused by the ioni-
zation of the m-hydroxyl groups, one would expect the reduction of tetrahydroxy-
benzil to be more difficult than vanillil and syringil. Since this is not the
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case, the odd behavior of this compound at "pH" 13.5 could be due to some chemical
reaction or rearrangement.
CORRELATION OF HALF-WAVE POTENTIALS
The effect of substituents on the E1/2 has just been discussed qualitatively
in terms of the electron-withdrawing and releasing ability of the substituents.
A quantitative correlation of reactivity, as measured by the E1/2, and structure
would enable the E/2 's for any substituted benzil to be predicted.
The Hammett Equation (4a) is a linear free energy equation which has been
used very successfully for quantitative correlations of reactivity and structure.
The E/2 potentials for reversible electrode reactions are related in a simple
way to the free energy change of a reaction. Many investigators have found
good correlations between polarographic data and structure using the Hammett
sigma (a) values.
Attempts to correlate the E 's obtained in this investigation using the
following Hammett Equation were not very successful.
where
E 1/2 = half-wave potential of the unsubstituted compound, benzil
E / = half-wave potential of a compound substituted at the meta-
or para-position
a = Hammett substituent constant
p = Hammett reaction constant
Plots of (E1/2 - E1/2) vs. sigma are shown in Fig. 11 for "pH's" 1.5, 3.0,
and 5.0. The solid lines are the least squares lines calculated from the data
points for the compounds shown in Fig. 11. The broken lines for "pH's" 3.0 and
-7'-
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5.0 are the least squares fit for the data of m-anisil, benzil, and p-anisil.
These three compounds produced Hammett correlations at all "pH's". The corre-
lation including the hydroxy-substituted compounds decreases as the "pH" is
increased. There was no correlation between all the compounds in the basic
media. The hydroxy sigma values used in Fig. 11 were reported by Bright and
Briscoe (79) for a 50% ethanol-water solvent ( p-OH: -0.555' m-OH = -0055)'
All other values are reported by Hine (4a) based on the ionization of benzoic
acids. The sigma values for each compound were calculated by assuming that the
substituent effects on both benzene rings were additive. This procedure was
used, since it has been shown that both the carbonyl groups are reduced, pages
40 to 43. The (p*) values are the slopes of the lines and p* equals (0.0591/on)p.
The actual p value cannot be calculated since the on values vary from compound
to compound even at the same "pH". However, at "pH" 1.5 using on = 1, p equals
+2.6.
The failure of the Hammett Equation to correlate the hydroxy-substituted
compounds is due to the irreversibility of the electrode process and solvent
interaction with the hydroxy substituents. Any substituent effects other than
induction and resonance, such as steric hindrance or solvent interactions, will
cause most Hammett correlations to fail unless the effect is constant for the
whole series of compounds.
An attempt was made to correct for the ionization of the hydroxy substituents
by calculating the degree of ionization from potentiometric titrations. A con-
tinuous sigma value for the ionized hydrdxyl group was calculated from a force-
fitted sigma value using p,p'-dihydroxybenzil at "pH" 11.0 where the hydroxyl
group was completely ionized. The continuous sigma value was used to calculate
the sigma values for p,p'-dihydroxybenzil and the other hydroxy-substituted
-73-
compounds at different "pH's". The correlation was not improved. This indicates
there are solvent effects or interactions other than ionization and that these
effects are different for each compound.
The E/ for an irreversible process is dependent upon an, the rate constant,
-1/2
the diffusion coefficient, and the drop time as shown in Equation (10). It
follows that any correlation of E1/ and o can only be valid when all these
quantities are comparable for the series of compounds. Tables VII, X, XII, and
Fig. 3 show how these quantities vary with "pH" and the different compounds.
The variations of the above quantities, except the diffusion coefficients, are
less around the potential of the ECM. Therefore, the E1/ vs. a correlation
should be better at "pH" 1.5, since the reduction potentials are closer to the
ECM. This is the case. As the "pH" is increased, the reduction potential be-
comes more negative, the variation of the above quantities increases, the solvent
interactions increase, and electrostatic repulsions of reducible species at the
double layer of the electrode (58, 60, 80) make the electrode reduction more
complicated. Attempts were made to correct the E/2 for some of these effects
in order to obtain a better correlation at higher "pH's". However, as indicated
from the kinetic data, these effects are too complicated to be isolated by using
the data obtained in this investigation with the existing theory.
An examination of the data shows that the reversibilities for benzil, m-
anisil, and p-anisil are similar. Figure 12 is a Hammett plot of (E/ - E 0 )
vs. a for these compounds at "pH" 5.0. The E /2's shown in Table XIII were
calculated from this figure by determining the(E/2 - E /) value for the respec-
tive a and then adding the E1/ of benzil obtained from Fig. 9 at the appropriate

























































aThese experimental data were obtained in a 50% ethanol-water solvent by Sobieski
(81). A different capillary was used, but the chara
and the one used in this investigation were similar.
cteristics of that capillary
The calculated values agree with the experimental values at "pH's" 1.33 and
13.6 (within experimental error) for the first seven compounds. The an values
have less variation around the ECM, as discussed earlier, and the reductions at
"pH" 13.6 are reversible or approach reversibility. Therefore, the agreement at
these "pH's" would be expected. The agreement between calculated and experimental
values is better for the electron-withdrawing substituents (chloro- and m-methoxy-)
than for the electron-releasing substituents (p-methoxy- and methyl-).
The variations between calculated and experimental data at "pH" 5.6 are



























reversibility on the Hammett correlation since Fig. 12 was plotted for data
obtained at "pH" 5.
The agreement between calculated and experimental values for the last four
compounds is poor. There are known solvent effects such as ionization and hydro-
gen-bonding for these compounds.
The data in this section indicate that the solvent interactions cause the
Hammett equation to fail. It also is evident that the solvent interactions in
conjunction with the electron-releasing substituents are causing the increased
irreversibility of the hydroxy-substituted compounds. Other interactions be-
tween the reducible species and the dropping mercury electrode such as electro-
static repulsions and electric field induced ionizations could be involved.
DISCUSSION
The polarographic reductions of benzil and the benzil derivatives are two-
electron processes over the "pH" range investigated. The reductions are depen-
dent upon the hydrogen-ion concentration. The role of the hydrogen-ion in the
reduction is different in acid and basic media. The reductions become more
reversible as the "pH" increases and benzil, m-anisil, and p-anisil are revers-
ible reductions in the very basic solutions. The kinetic analyses indicate
more than one irreversible process. The reduction product of the first wave
is the enediol form of benzoin. In acid solutions the enediol rearranges slowly
to the keto form. This rearrangement is facilitated by alkali and is faster in
the basic solutions.
Although the experimental evidence does not clearly indicate the nature of
the first wave (for example, if the electrons are transferred separately or
simultaneously) the following mechanism is proposed for the nonhydroxy substituted
compounds.
In acid solutions one or both of the carbonyl groups are preprotonated under
the influence of the electric field at the electrode. The an values indicate

































in which Steps (A) and (C) are both irreversible.* The kinetic analysis only
indicates that there is more than one rate-determining step. The exact number
cannot be ascertained. The proton and electron are not transferred simultaneously
in Steps (A) and (B). The proton is transferred first, especially at low "pH's"
and immediately afterward the electron is transferred. This could be termed
"preprotonation," but the proton is not transferred until the reducible species
is influenced by the electric field (double layer) of the electrode. At "pH"
*Benzil is written in the trans- form. A molecular model of benzil showed the
ortho hydrogens overlapped when the planer-cis- form was made. The cis- form





1.5, the protonation is aided by hydrogen bonding between the carbonyl groups and
the acid.
...HA
These proposed intermediate steps are consecutive and are too fast for the elec-
trode to distinguish. The first electron transfer facilitates the polarization
of the second carbonyl so that the transfer of the second electron is faster
than the first. This type of hydrogen-bonding is used to explain the acid-
catalyzed mechanism for halogenation of ketones (82). Kuhn (83) observed this
type of hydrogen-bonding when dry hydrochloric acid was added to tetramethylene
glycol.
At higher "pH's" the polarization of the carbonyl group is aided less by
hydrogen bonding with acid. A greater potential is required to cause polariza-
tion and subsequent electron transfer. Therefore, the E1 /2 increases.
In basic media, the dependence of the reduction on "pH" is decreased, since
the proton concentration is too small to aid in "preprotonation." The electric
field must supply all the energy to polarize the carbonyl groups. The electric
field also has to attract protons to the electrode. The smaller the concentration
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of protons, the more energy required to attract them to the electrode.
the reduction potential becomes more negative with increasing "pH".
Therefore,
The carbonyl groups are influenced equally at the more negative potentials
and, consequently, the rate of successive transfer of the two electrons is more
rapid. In the very basic region the two electrons are transferred simultaneously.
In the intermediate pH region the cn values indicate that almost two electrons












Ar - C H
C - Ar
OH
The enediol-keto rearrangement at these "pH's" is probably influencing the revers-
ibility to a greater extent than the electron and proton transfer. However, Step
(C) cannot be entirely reversible at these "pH's" since there is an indication of
more than one irreversible process.






The enediol to benzoin rearrangement is fast. Therefore, the reduction is
reversible. The protons could be transferred simultaneously or just after the
electrons are transferred. Since the data at "pH" 15.5 form a linear relation-
ship with the data at "pH's" 7.2 and 9.0, Mechanism (E) was chosen.
Benzil, m-anisil, and p-anisil are not affected by solvent interactions.
Their reduction potentials are influenced by the ease of protonation, and the
electron-withdrawing and electron-releasing ability of the substituents. The
reductions of hydroxy-substituted compounds are influenced by hydrogen bonding
and ionization in addition to the influences stated above. Therefore, the
reductions of these compounds are more "pH" dependent.
The effect of pH on hydrogen-bonding is not understood. One investigation
showed that the infrared frequency of three alcohols (ethyl, methyl, and benzyl)
increased with decreasing acidity (84).
The Hammett correlation indicated the hydrogen-ion affects all compounds
equally at "pH" 1.5. The hydrogen-bonding or "preprotonation" at the carbonyl
groups must be more important than hydrogen-bonding at the hydroxyl groups. As
the "pH" is increased, the ease of protonation decreases, and hydrogen-bonding
at the hydroxyl groups becomes more important. This hydrogen-bonding enhances
the electron-releasing ability of the hydroxyl groups and causes the electron
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density around the reduction site to increase. A greater electric field is needed
to polarize the carbonyl group and, therefore, the reduction potentials of the
hydroxy-substituted compounds are greater than one would predict from only electron-
withdrawing and electron-releasing considerations. The larger slopes of the E1/
vs. "pH" relationships for these compounds are evidence for this type of phenomenon.
This also explains why the m-hydroxy substituent changes from an electron-with-
drawer to an electron-releaser as the "pH" is increased.
Peover and Davies (85) studied the influence of hydrogen-bonding on the
polarographic reduction of p-benzoquinones. Their data indicated that the reduc-
tion potential became more negative as the hydrogen bonding ability between solvent
and reducible species increased.
The electron-releasing ability of vanillil and syringil is not enhanced as
much as that of p,p'-dihydroxybenzil. The solvent-solute hydrogen-bonding
capacity of these compounds is decreased by intramolecular hydrogen-bonding with
the methoxyl groups. The hydroxyl groups of syringil also could be sterically
hindered. Although p-anisil has a greater electron-releasing ability than
vanillil and syringil, these compounds are harder to reduce than p-anisil.above
"pH" 3 and 5, respectively.
de la Mare, et al. (86) suggest that due to hyperconjugation, hydroxyl
substituents in acidic media have an advantage over methoxyl substituents in
electron-releasing ability. Eaborn and Webster (87) also suggested the same
phenomenon and considered the solvent to assist this effect by hydrogen-bonding.
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This phenomenon could increase the electron-releasing ability of p,p'-dihydroxy-
benzil and tetrahydroxybenzil, and make their E/'s more negative.
3,3',4,4'-Tetrahydroxybenzil also is capable of intramolecular hydrogen
bonding. This decreases the electron density around the free hydroxyl group and
makes it easier to ionize. The electron density around the reduction site is
then increased, and the reduction potential becomes more negative.
As the "pH" is increased the hydroxyl groups begin to ionize. The reducible
species pass through the "pH" invariant region, as discussed earlier, and in the
intermediate and more basic regions the ionized forms of the hydroxy-substituted
compounds are reduced.
Evidence for the reduction of the ionized forms (in the intermediate basic
region) in preference to the supposedly, easier reducible nonionized forms of
the hydroxy-substituted compounds was discussed earlier. At present three
possibilities for this unexpected phenomenon come to mind.
There is a possibility of ion-pair formation between the di-anion of the
reducible species and the cations of the buffer salts or supporting electrolytes.
The ion-pair would decrease the electron-releasing ability of the negatively
charged oxygen atom and decrease the electron density around the reduction site.
Hine (88) states that in 0.01N aqueous solutions (or less), most salts are
completely dissociated. The concentration of salts in the buffer solutions
were at least 0.06M, and the ionic strength was 0.2 in this investigation.
Although ion-pair formation is a possibility, it does not seem likely that it
alone could account for the observed phenomenon.
The ionized form has a different capacity for hydrogen bonding than does
the nonionized form. Gordy and Stanford (89) have shown by measuring infrared
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frequencies, that the more basic the hydrogen acceptor the stronger are the
hydrogen bonds. The solvent-solute hydrogen bonds of the ionized species should
be stronger than those of the nonionized species. Also, the hydrogen bonds with
the ionized species would decrease the electron-releasing capacity of the ionized
hydroxyl groups.
0
shift of electron density shift of electron density
The hydrogen bonds with the nonionized species enhance the electron-releasing
capacity of the nonionized hydroxyl groups.
HHH
0
shift of e density shift of e density
Actually this explanation is very similar to the ion-pair formation. A quanti-
tative estimate of the influence of the two types of hydrogen bonding is diffi-
cult. It does seem unlikely, however, that the anion-hydrogen-bonding could
totally eliminate the larger electron releasing ability of an ionized hydroxyl-
vs. the nonionized hydroxyl substituent..
The third possibility involves the influence of the electric field on the
reducible species as it approaches the electrode. The electrostatic attraction
of the negative electrode for positive ions could be great enough to ionize all
the reducible species before the reduction occurs. This would mean that the
ionization is more dependent upon electrode potential, than upon the "pH" of
the solution. However, the "pH" must be high enough so that the demand for protons
at the electrode is greater than the concentration in the solvent-buffer system.
: Earlier it was shown (p. 71) that the ionization was more complicated than
just a chemical acid-base reaction. This was evident when a continuous sigma
value for the hydroxyl ionization could not be obtained from the potentiometric
titrations. This possibility for ionization could be one of the complications
causing the failure of a reactivity-structure correlation.
It now becomes apparent that the solvent interactions of hydrogen bonding
and ionization are dependent upon the electrode potential as well as the "pH"
of the solution. The mechanism at "pH" 1.5 with protonation as the rate-
determining step is probably correct for all compounds, since a good Hammett
correlation was obtained at this "pH". The over-all reaction at other "pH's"
also is correct for all compounds, since benzoin, p-anisoin, and vanilloin were
isolated as the reduction products.
Any statements concerning the irreversible steps of the hydroxy-substituted
compounds at other "pH's" would be pure speculation. A thorough kinetic study
using alternating current and oscillographic polarographic techniques should be
the next step to increase our knowledge of these electrode reductions.
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